The use of probabilistic approaches in exposure assessments of contaminants migrating from food packages is of increasing interest but the lack of concentration or migration data is often referred as a limitation. Data accounting for the variability and uncertainty that can be expected in migration, for example, due to heterogeneity in the packaging system, variation of the temperature along the distribution chain, and different time of consumption of each individual package, are required for probabilistic analysis. The objective of this work was to characterize quantitatively the uncertainty and variability in estimates of migration. A Monte Carlo simulation was applied to a typical solution of the Fick's law with given variability in the input parameters. The analysis was performed based on experimental data of a model system (migration of Irgafos 168 from polyethylene into isooctane) and illustrates how important sources of variability and uncertainty can be identified in order to refine analyses. For long migration times and controlled conditions of temperature the affinity of the migrant to the food can be the major factor determining the variability in the migration values (more than 70% of variance). In situations where both the time of consumption and temperature can vary, these factors can be responsible, respectively, for more than 60% and 20% of the variance in the migration estimates. The approach presented can be used with databases from consumption surveys to yield a true probabilistic estimate of exposure.
INTRODUCTION
There is an increasing interest in probabilistic approaches for quantifying variability and uncertainty in exposure and risk assessment, especially for refined assessments.
(1) They have been used for the assessment of exposure to food additives, pesticides, and other contaminants and their application in exposure assessment of substances migrating from packaging has also been gaining increasing interest. (2) Probabilistic models were applied to estimate the short-term exposure of U.K. consumers to residual bisphenol-A-diglycidyl-ether (BADGE) from can coatings of canned foods, (3, 4) to di-2-ethylhexyl-adipate (DEHA) styrene (3) from several packaging systems, and to a generalized migrant from coated metal cans. (5) Exposure to chemicals migrating from packaging (mg/person/day) can be expressed as a function of two terms: (1) migration (mg/kg food ), that is, the concentration of the chemical that has migrated into the food and (2) food consumption (kg food /person/day) representing the intake of food packed in a certain type of packaging system that contains the migrating chemical, according to Equation (1) :
The availability of reliable data to describe the two terms of the exposure in Equation (1) has been addressed before. (2) Many of the studies reported apply the probabilistic approach to the "Food Consumption" term of the exposure (Equation (1)) and rely on single-point estimates for the "Migration" term using average, worst-case, or maximum legal values. Those analyses do not account for the variability that can be expected in migration values due to heterogeneity in the packaging system, in the composition and structure of the food product, or for uncertainty regarding, for example, the temperature along the distribution chain, different shelf life, and time of consumption of each different package. (2) A major source of uncertainty is the lack of information on the packaging formulation corresponding to the different foods as this determines the presence and concentration of the chemical and influences the potential for migration into the type of food. (2) This work is devoted to the term of the equation describing migration or concentration of the contaminant in the food. The lack of such data has been referred to as a limitation of exposure and risk assessments. (6, 7) Concentration data may be obtained from monitoring levels of the chemical in real food systems collected from the market shelves. This approach yields a realistic picture, and it is followed by national safety surveillance schemes, but requires a considerable analytical effort that is not free from problems caused by the complexity of food matrices. The level of migration may also be obtained experimentally by testing packages not previously used with food simulants. Alternatively, predictive mathematical models can be used to estimate migrant concentration data for different packaging formats and food products. These models can be deterministic (based on a theory describing a physical-chemical phenomenon), empirical (based on equations that yield a good fit to experimental data regardless of any physical meaning of the constants of the model), stochastic, or probabilistic, including the uncertainty and variability in the system parameter. (8) The latter was followed in this work: each variable and parameter of the migration model described by classical transport and mass balance equations was replaced by a distribution of values resulting in a distribution of contamination values accounting for variability and uncertainty. These generated data, describing the range and probability of occurrence of the concentration values, can then be used together with food consumption data in Equation (1) to estimate exposure. A few previously reported studies with a similar approach to generate a distribution of values of concentration in food from a stochastic resolution of dimensionless mass-transport equations followed an elaborate mathematical procedure, requiring a numerical solution of the governing equations. (7, 9, 10) In this work, analytical solutions of the transport equations are used combined with a userfriendly software supported by Excel (Microsoft Co., Redmond, WA). This provides a more manageable approach.
Frequently, there is only limited information on the variability and uncertainty of the model parameters because their determination requires a considerable experimental effort. A stochastic model to predict diffusion coefficients of the migrant in polyolefins was proposed before: a log-normal distribution to describe the diffusion coefficient, as a function of the migrant molar mass, was derived from a large number of experimental data published in the literature obtained in different experimental conditions. (11) This distribution function is then applied to Equation (1) to derive a distribution of migration values. That analysis assumed a constant value for partition coefficient and temperature and did not consider variability in the packaging geometry parameters such as thickness and contact surface area. (11) The objective of this work was to characterize quantitatively the uncertainty and variability in estimates of migration of a specific additive from a particular package considering the distributions of values of the model variables (packaging geometry, equilibrium concentration, and migration time) and model parameters (mass-transfer coefficients of diffusion and partition). The effect of temperature on these parameters was also considered. The distributions were determined experimentally for a food-packaging additive typically used in polyolefin packaging applications. Propagation of variability/uncertainty through the mathematical model was performed by Monte Carlo (MC) simulation.
MATERIALS AND METHODS

Experimental Determinations
Kinetic Experiments
Experimental results obtained for migration of the antioxidant Irgafos 168 (CAS 31570-04-4) from yogurt bottles were used in the work. The bottles were made of high-density polyethylene (HDPE B6246 SABIC R ) and supplied blow-molded by Logoplaste (Portugal). Irgafos 168 has a tolerable daily intake (TDI) of 1 mg/day.kg bw . The initial concentration of the migrant in the polymer was 707 mg/kg.
Nine independent kinetic experiments were conducted to determine the mass-transfer parameters and the variability that can be expected in the results. The bottles were cut to obtain specimens (squared pieces) to be immersed in isooctane at 40
• C. The pieces had an average surface area of 34 cm 2 and an average thickness of 578 μm. Each specimen was placed in a glass jar with 100 mL isooctane with internal standard at a concentration of 10 mg/L. This yields a contact surface area to volume ratio of 68 cm 2 /100 mL. The ratio referred in the EN 1186 for immersion tests is 1 dm 2 /100 mL for aqueous or 1 dm 2 /50 mL for fat alternatives. The jars were stored at 40
• C and an aliquot of 100 μL was collected from each jar for gas chromatography analysis (GC-MS). The experiments at 23
• C and 8
• C were conducted with five replicates each.
Irgafos 168 is a phosphite additive that can oxidize to phosphate during the plastic processing and after migration. Both forms were considered and quantified by GC-MS through a calibration curve with five calibration standard solutions (0-60 mg/L). Standard solutions were injected in duplicate.
Chromatographic Conditions
Chromatograph Varian CP-3800 with mass selective detector ( • C, (3) oven temperature: 50
• C during 2 min; 15
• C/min up to 320 • C; 320
• C for 10 min, (4) volume injected: 1 μL: split : splitless (splitless time: 0.50 min).
Estimation of Mass-Transfer Coefficients (Diffusion and Partition)
The appropriate analytical solution of Fick's second law (2) was fitted to each set of data by nonlinear regression to yield the best parameters for equilibrium concentration (C ∞ ) and diffusion coefficient (D P ), with the last squares method (software Statistica, StatSoft, Inc., Tulsa, OK, USA). The partition coefficient (K F P ) was calculated from the mass balance with concentrations found experimentally at the final contact time.
Probabilistic Analysis
EFSA describes the main steps of a general probabilistic analysis as: (13) 1. definition of the scenario and the structure of the model; 2. identification of which inputs are variable and/or uncertain; 3. identification of important dependencies between inputs; 4. specification of distributions and dependencies to represent variability and uncertainty of the model inputs; 5. propagation of the variability and uncertainty through the exposure model and quantification of the resulting variability and uncertainty in the output; 6. sensitivity analysis to examine the contribution of each model input to variability and uncertainty in the output.
These steps were followed in this study and the step of specification of the probability distribution functions is a key one.
The model structure was defined by the analytical solution of the Fick's second law described by Equations (2)- (4). (13) This solution is valid for an infinite slab geometry (thickness much smaller than length and width), constant diffusivity, variable surface concentration of migrant in the packaging due to diffusion to a solution of limited volume, and initial concentration in the food equal to zero. Given the dimensions and formats of most packages, these assumptions hold true and this model is accepted and commonly used to describe the migration of packaging components into foods and food simulants. 
where,
and q n are the nonzero positive roots of
C(t) is the concentration of the migrant in the food at time t, and C ∞ is the concentration at equilibrium, that is, for very long time of contact between the food and the package. The model parameters are the diffusion coefficient (D P ) and the partition coefficient
The variables L, V F , and V P are, respectively, the packaging material thickness, the volume of food, and the volume of packaging material (i.e., the surface area times the thickness), and are all related to the packaging geometry.
When the objective is to assess compliance, the model parameters (D P and K F P ) are estimated in order to yield worst-case single-point migration predictions. However, the model is affected by uncertainties in sampling and measurements in experimental data used to develop the model, namely, to estimate D P and K F P , and uncertainty due to extrapolation from conditions of experiments on which the model was based to other conditions for which predictions are required. (12) In this work kinetics experiments were independently carried out to generate a distribution of estimates for these mass-transfer parameters, providing a more realistic and accurate result as to the probability of migration occurrence in a specific packaging system. The values for these coefficients were obtained at three temperatures and the temperature dependence was considered to be described by an Arrhenius model.
where T is the absolute temperature. Equation (7) describes the model assumed to describe the influence of temperature on the equilibrium concentration of the migrant in the food simulant.
The software Statistica (StatSoft, Inc.) was used to estimate the migration model coefficients (D P , 
, and C ∞ ) of each kinetics experiment and to estimate the parameters of the Arrhenius equations discussed earlier, by nonlinear estimation and least squares as loss function. Table I presents the specifications of the distributions of the model inputs. All inputs were considered independent except those related to the packaging geometry. They were chosen on the basis of the experimental values obtained and expert judgment from real-life data.
The package thickness was described by a normal distribution fitted from experimental results from 1,000 readings in 10 packages from the same lot, truncated with minimum and maximum experimental values. The package surface area was described by a distribution fitted from experimental results from the trial with 18 replicates, truncated with minimum and maximum experimental values, the distribution chosen was a triangular distribution combined with a uniform distribution at the central values. The volume of simulant was described by a triangular distribution with the volume of simulant used in the experiments as the likeliest value. A maximum value was defined as 5% of the likeliest. The minimum value was defined according to the tolerable negative error set by the European law relating to the making-up by volume of certain prepackaged liquids. (14) For the runs where temperature was considered constant, the diffusion and the partition coefficients were described by a normal distribution truncated for only positive values; mean and standard deviation estimated from the experimental trial with the nine replicates obtained at 40
• C. Equilibrium concentration was described by a normal distribution truncated for only positive values and maximum value considering that all amount of migrant initially present in the material migrates into the food simulant; mean and standard deviation estimated from the experimental trials.
For the time of contact, two options were considered: (1) constant and equal to 400 hours, thus the model output was the migration value after a certain fixed period of time and (2) variable according to Weibull distributions corresponding to different scenarios of time elapsed between the filling and consumption (Table I ). The distributions were truncated at a minimum of 24 hours (allowance for transportation time to the selling point) and a maximum of 400 hours (end of product shelf life/kinetics experiment). In this case, the time of contact was also considered as a parameter with a given variability in order to assess the impact of the storage time on the migration value. This second study was conducted since the analyses of the mass-transfer equations illustrate that the distribution of storage times may drastically change the range of contamination values of packaged food products. (9) Finally, a run considering that the temperature varied during the contact time was performed and a temperature profile with values between 15
• C and 35
• C was assumed as an example (Table I) . The probability distribution function for the diffusion coefficient was given by Equation (5) with the mean estimate for the Arrhenius parameters (D o , E D ), the standard error (ε), and a random number (R) from a normal distribution with zero mean and standard deviation equal to 1.
The same approach was followed for the partition coefficient and for the equilibrium concentration. The values of this latter were truncated for positive and lower than the maximum concentration obtained if total migration would occur.
The software Crystal Ball 7.2.2. (Decisioneering, Inc., Denver, CO, USA) was used to perform the model calculations and to propagate the variability and uncertainty through the model. MC simulation was used as sampling method with 10,000 trials for each run. All case studies were run with this sample size, suggested in principles of good practice for MC risk assessments. (15) Descriptive statistics were calculated from the migration estimates generated by the model. The migration values obtained were fit to probability distributions by the maximum likelihood method and the goodness of fit assessed by the Anderson-Darling (A-D) test. Sensitivity analysis was performed by computing rank correlation coefficients between every input and every output. The results are provided as contribution to variance by squaring the rank correlation coefficients and normalizing them to 100%.
RESULTS AND DISCUSSION
Constant Migration Time and Constant Temperature
Fig. 1 presents the results obtained in two of the nine migration experiments at 40
• C and the respective curve of the Fick's law solution fitting, as examples. Similar curves were obtained for each replicate and each temperature. The model in Equation (2) described the data well and the results for the diffusion and partition coefficients obtained for each experiment are presented in Table II . Data presented relatively low dispersion within each temperature. Fig. 2 shows the distribution of migration values found when the model is submitted to MC simulation with 10,000 runs: the values ranged from 5.68 up to 11.48 mg/L. Table III presents the corresponding statistics. The average was 8.69 mg/L and the variance 0.64 mg/L. The data were fit to different probability distributions (see Table IV ) and the beta and normal distributions described the forecasted migration very well. With the distribution function parameters, or directly from Fig. 2 , it is very easy to estimate the probability (the risk) of a given threshold being exceeded. For example, there is a risk of 10% of a package to yield a migration value of 9.72 mg/L or higher after 400 hours of migration. Fig. 3a presents the sensitivity chart, which quantifies how much of the variability of the output is explained by the variability of each input, not only in terms of the range of possible outcomes but also in terms of the likelihood of occurrence of those outcomes. The equilibrium concentration is the most dominant input, explaining 74% of the migration variance. This may not be surprising since this analysis focused on the end of the product shelf life, defined here as the end of the migration experiment when the system achieved equilibrium. In these conditions, thickness contributes 23.4% of the variance and the other packaging geometry parameters only 0.1%. Diffusion and the partition coefficients account for 2.5% of the migration variance.
Variable Migration Time and Constant Temperature
In real life, however, the packages will be purchased and consumed with different shelf times, corresponding to different contact times between the packaging materials and the food, thus corresponding to different migration times. A minimum of 24 hours of contact is expected due to transportation from the producer to the selling point and then, after purchasing, to the consumer home. A maximum of 400 hours, corresponding to the end of the migration experiment and considered as the product shelf life, was defined for this study. To describe the distribution of time values, Weibull distributions were defined based on previous work. (10) The different scenarios (Table I ) considered increasing average time of consumption. These distributions of consumption times were input on the migration model (Equation (2)), which was submitted to random simulation as previously described.
The statistics for the forecasted migration values are presented in Table III : an increase from 2 to 10 days on average migration time yields an increase from 5.1 to 7.4 mg/L in migration average value. The range was also wider; the migration values were more spread. Skewness decreased and became negative for higher average migration times (the distribution becomes skewed to the left). The fits of different distributions to the migration results obtained in each scenario simulated are given in Table IV . The distributions were in all cases far from being normal. The beta model gave the best fit according to the A-D test, followed by the Weibull model except for scenario A of varying migration time. The sensitivity chart for scenario C is shown in Fig. 3b . As can be seen, the time of migration accounts for 56% of the variance of the data. Packaging thickness represents 23% and the equilibrium concentration, approximately 20%. These results indicate that a more refined level of exposure assessments may justify a more precise definition of the distribution of consumption times. The risk analysis can be performed directly from the histogram (Fig. 4) or from the distributions describing the migration data. If, for example, a threshold of 9 mg/L is defined, the risk for this migration value to be exceeded is lower than 1% in scenario A, and increases to 3.5% and 11% for scenarios B and C, respectively. This means that, if the average consumption time increases from 4 days to 8 days, the risk of having a package with a migration value of 9 mg/L or higher increases from less than 1% to 11%.
Variable Migration Time and Temperature
To assess the influence of a changing temperature on the migration process, a temperature profile was assumed as described by three levels of temperature (15 • C, 23
• C, and 35 • C) held for equal periods of time. Although data for only three temperatures were available, the influence of temperature on the diffusion and partition coefficients and on the equilibrium concentration was assessed according to Equations (5)- (7). The resulting estimates for these model parameters are presented in Table V . The goodness of fit was assessed by the R 2 , which was in all cases higher than 0.9. These relationships were included in the migration model, which was run for a contact time scenario corresponding to case C in Table I . Table III . The mean migration for this scenario is lower than what could be expected since periods of lower temperature of contact occur. This decreases the migration rate thus yielding lower concentration values of the migrant in the food as compared to the other scenarios of simulation. In addition, the range of values is much higher as could also be expected given the wide range of temperatures considered. The sensitivity chart for this scenario is shown in Fig. 3c . The time of migration accounts for more than 60% of the variance of the data and temperature accounts for approximately 23%. The probability distribution function that better describes these data is the Weibull function (Table IV) .
CONCLUSIONS
This work presents a mathematical approach to assess the risk of migration of packaging components. It can be applied to a specific migrant/ packaging/food system to optimize the material formulation, for example, taking into account the variability expected in the system parameters and the impact this has on the probability of obtaining a predefined migration threshold. Furthermore, when combined with food consumption data it allows for estimation of exposure of consumer to packaging migrants. The time of consumption, that is, the time elapsed between package filling and food consumption, is an important source of variability in migration values that should be taken into consideration in exposure studies. This variable is highly dependent on consumer shopping habits. In a worst-case scenario (maximum time of contact to the end of shelf life), equilibrium concentration was the dominant factor causing variability in migration values. Variability in the diffusion coefficient (process kinetics) showed a minor influence on the variability of migration. Depending on the range, temperature can be an important factor contributing to variability of the migration.
This study demonstrates how a simple tool using ubiquitous software (e.g., MS Excel) can be used for probabilistic analysis of migration and exposure assessment. This approach may be particularly useful in interdisciplinary studies to assess the impact of different scenarios related to consumer behavior and perception, noting that it is fast and does not require an extensive step of concentration data collection.
